SM, Saluja AK. Triptolide activates unfolded protein response leading to chronic ER stress in pancreatic cancer cells. Am J Physiol Gastrointest Liver Physiol 306: G1011-G1020, 2014. First published April 3, 2014; doi:10.1152/ajpgi.00466.2013.-Pancreatic cancer is a devastating disease with a survival rate of Ͻ5%. Moreover, pancreatic cancer aggressiveness is closely related to high levels of prosurvival mediators, which can ultimately lead to rapid disease progression. One of the mechanisms that enables tumor cells to evade cellular stress and promote unhindered proliferation is the endoplasmic reticulum (ER) stress response. Disturbances in the normal functions of the ER lead to an evolutionarily conserved cell stress response, the unfolded protein response (UPR). The UPR initially compensates for damage, but it eventually triggers cell death if ER dysfunction is severe or prolonged. Triptolide, a diterpene triepoxide, has been shown to be an effective compound against pancreatic cancer. Our results show that triptolide induces the UPR by activating the PKR-like ER kinase-eukaryotic initiation factor 2␣ axis and the inositol-requiring enzyme 1␣-X-box-binding protein 1 axis of the UPR and leads to chronic ER stress in pancreatic cancer. Our results further show that glucose-regulated protein 78 (GRP78), one of the major regulators of ER stress, is downregulated by triptolide, leading to cell death by apoptosis in MIA PaCa-2 cells and autophagy in S2-VP10 cells. endoplasmic reticulum stress; apoptosis; autophagy; pancreatic cancer; triptolide; glucose-regulated protein 78 PANCREATIC ADENOCARCINOMA is the fourth-leading cause of cancer-related death in the United States, with a 5-yr survival rate of Ͻ5% (17). Thus, understanding the pathobiology of pancreatic cancer is of utmost importance in developing innovative and effective therapies against it.
PANCREATIC ADENOCARCINOMA is the fourth-leading cause of cancer-related death in the United States, with a 5-yr survival rate of Ͻ5% (17) . Thus, understanding the pathobiology of pancreatic cancer is of utmost importance in developing innovative and effective therapies against it.
Proper folding of secreted and transmembrane proteins occurs in the endoplasmic reticulum (ER). Many different physiological processes, highly secretory cells such as pancreatic ␤-cells, plasma B lymphocytes, and salivary glands, and pathological conditions such as hypoxia, ER Ca 2ϩ depletion, oxidative stress, viral infections, and cancer can cause an imbalance between ER protein folding load and capacity, leading to accumulation of unfolded proteins in the ER lumen, a condition known as "ER stress" (15, 31) . Adaptation to ER stress is mediated by induction of the unfolded protein response (UPR), a signal transduction pathway that transmits information about protein folding status in the ER lumen to the nucleus to increase folding capacity, aiding in cell survival. The UPR involves three distinct components: 1) transcriptional induction of genes encoding ER-resident chaperones to facilitate protein folding, 2) translational attenuation to decrease the demands on the organelle, and 3) ER-associated degradation to degrade the accumulated unfolded proteins via the ubiquitin-proteasome pathway (18) .
In mammalian cells, the UPR is controlled by three transmembrane ER sensors, namely, PKR-like ER kinase (PERK), inositol-requiring enzyme 1␣ (Ire1␣), and activating transcription factor (ATF) 6, which are kept in an inactive state by binding to the ER chaperone glucose-regulated protein 78 (GRP78), preventing their oligomerization-induced activation (14) . When ER homeostasis is perturbed, the accumulated misfolded proteins bind to GRP78 and titrate it away from the ER stress sensors, thereby activating the UPR. Activation of Ire1␣ promotes splicing of a 26-nucleotide intron from the X-box-binding protein 1 (XBP1) mRNA to give rise to its spliced variant XBP1s. Activation of PERK leads to phosphorylation of the translational initiation factor eukaryotic initiation factor 2␣ (eIF2␣), which inhibits global translation of mRNAs and reduces influx of new proteins into the ER. In contrast, translation of a subset of mRNAs, such as ATF4 is upregulated, which controls the expression of ER chaperones downstream. A known downstream target of ATF4 is CCAATenhancer-binding protein homologous protein (CHOP), a transcription factor implicated in control of translation and apoptosis. Activation of the transcription factors XBP1, ATF4, and ATF6 activates the UPR target genes, including ER chaperones and ER-associated protein degradation genes. Studies have shown that if the function of the ER cannot be reestablished by the UPR, excessive or sustained ER stress will induce cell death. The cell death mechanisms triggered by ER stress include caspase-dependent apoptosis and caspase-independent necrosis, as well as autophagy (38) .
GRP78, a main target of UPR signaling that promotes cell survival, is required for proper protein folding, targeting of misfolded proteins for degradation, ER Ca 2ϩ binding, and control of the activation of ER stress sensors. Although GRP78 expression is maintained at low basal levels in major adult organs, it has often been found to be upregulated in cancer cells (2, 16, 26, 34, 36) . Studies have shown that although the majority of GRP78 resides in the ER lumen, a fraction of it exists as an ER transmembrane protein, with its NH 2 portion in the cytosol. This can directly bind and inhibit the activity of proapoptotic effectors, such as caspase-7 and the BH3-only proapoptotic protein BIK and its downstream target BAX (13, 22) . It is intriguing that increased expression of GRP78, which is a mechanism that tolerates a low level of chronic ER stress to thrive under suboptimal conditions, not only causes prosurvival robustness but also confers increased chemoresistance (2, 26) . Hence, to decrease the ability of tumors to survive and proliferate under suboptimal conditions, it would be highly desirable to block GRP78 expression.
Triptolide, a diterpene triepoxide extract from the Chinese herb Tripterygium wilfordii, has been shown to inhibit pancreatic cancer cell viability in vitro (1, 10, 28) and to block growth and metastatic spread in vivo (5, 6) . We and others have shown that triptolide inhibits the growth of a number of cancers in nude mice (3, 6, 8, 19) . Our previous study showed that triptolide activates differential cell death pathways in different pancreatic cancer cell lines: apoptotic cell death in the primary cell lines MIA PaCa-2 and Capan-1 and autophagy-associated cell death in the metastatic cell lines S2-013, S2-VP10, and Hs766T (27) . In the current study, we show for the first time that triptolide kills pancreatic cancer cell lines by inducing the UPR, resulting in ER stress by inhibiting expression of the survival protein GRP78, a negative regulator of the ER stress sensors. Furthermore, we show that a specific knockdown of GRP78 using siRNA also kills pancreatic cancer cells by activating apoptosis in MIA PaCa-2 cells and autophagy in S2-VP10 cells, which is in accordance with our earlier study with triptolide. Furthermore, we also show that triptolideinduced ER stress is important in cell death, since inhibition of ER stress by knockdown of XBP1 shows a significant rescue of triptolide-mediated cell death.
EXPERIMENTAL PROCEDURES
Reagents. Triptolide was purchased from Calbiochem (San Diego, CA); GRP78 siRNA pool, BECLIN1 siRNA pool, and nonsilencing small interfering RNA (siRNA) from Dharmacon (Lafayette, CO); and Opti-MEM I, DMEM, and RPMI 1640 tissue culture medium from Invitrogen (Carlsbad, CA). The WST-8 viability assay was purchased from Dojindo Molecular Technologies (Gaithersburg, MD), the Caspase-Glo 3/7 assay kit from Promega (San Luis Obispo, CA), and the bicinchoninic acid protein assay kit from Pierce (Rockford, IL). All other reagents were obtained from Sigma Aldrich (St. Louis, MO).
Cell culture. The pancreatic cancer cell line MIA PaCa-2 [American Type Culture Collection (ATCC)] was grown and propagated in DMEM supplemented with 10% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin; S2-013 and S2-VP10 cell lines (kind gift from Prof. D. Buschbaum, University of Alabama) were cultured in RPMI 1640 medium supplemented with 10% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin, while AsPC1 cells (ATCC) were cultured in RPMI 1640 medium supplemented with 20% FBS. The human pancreatic ductal epithelial cells (ATCC) were cultured in keratinocyte medium supplemented with bovine pituitary hormone and EGF. All cells were maintained at 37°C in a humidified air atmosphere with 5% CO 2.
ON-TARGETplus SMARTpool human GRP78 siRNA, human BECLIN1 siRNA, and heat shock protein 70 (HSP70) siRNA (Dharmacon) were used to silence expression of the respective genes in the pancreatic cancer cell lines MIA PaCa-2 and S2-VP10. Transfections were done using HiPerFect (Qiagen) according to the manufacturer's instructions. A pool of four siRNAs was used for all the abovementioned genes.
Triptolide was used at 25-200 nM to study viability. Cells were treated with triptolide for 1-24 h after treatment with the compound at 100 nM.
Cell viability assay. Three different pancreatic cancer cell lines were seeded into 96-well plates (5,000 cells/well) and allowed to adhere for 24 h. Cells were treated with increasing concentrations of triptolide or with siRNA, and cell viability was determined by the WST-8 viability assay according to the manufacturer's protocol. After the cells were treated for different time periods, 10 l of the CCK-8 reagent were added to the wells and the cells were incubated for 1 h in darkness at 37°C in a humidified air atmosphere with 5% CO 2. Absorbance at 450 nm was measured using a BioTek plate reader.
Measurement of annexin V-positive cells. Pancreatic cancer cell lines were seeded in six-well plates (2 ϫ 10 5 cells/well) and allowed to adhere for 24 h. Cells were treated with increasing concentrations of triptolide or with siRNA, and externalization of phosphatidylserine was analyzed using the Guava Nexin kit and Guava PCA flow cytometer according to the manufacturer's protocol, as previously described (28) .
Caspase-3 assay. Three different pancreatic cancer cell lines were seeded into 96-well plates (5,000 cells/well) and allowed to adhere for 24 h. Cells were treated with increasing concentrations of triptolide or with siRNA, and caspase-3 activity was measured by the Caspase-Glo 3/7 assay according to the manufacturer's protocol, as previously described (28) .
Quantitative real-time PCR. Quantitative RT-PCR for GRP78 and CHOP was carried out using primers procured from Qiagen (Valencia, CA). RNA was isolated from the different cell lines and from the tumor samples according to the manufacturer's instruction using TRIzol (Life Technologies, Carlsbad, CA). Total RNA (1 g) was used to perform real-time PCR (Applied Biosystems 7300 real-time PCR system) using the QuantiTect SYBR Green PCR kit (Qiagen) according to the manufacturer's instructions. All data were normalized to the housekeeping gene 18S (18S QuantiTect primer assay, Qiagen).
Western blotting. Cell lysates for Western blotting were prepared as described previously (28) . Equal amounts of protein samples were resolved by SDS-PAGE using precast 10% or 4 -15% Tris·HCl gels (Bio-Rad), transferred onto nitrocellulose membranes (Bio-Rad), processed for immunoblotting with specific antibodies, and detected using the enhanced chemiluminescence system. Anti-LC3B, antiGrp78, anti-phosphorylated (Ser 51 ) eIF2␣, anti-total eIF2␣, and Ire1␣ antibodies were purchased from Cell Signaling Technology. Anti-␤-actin antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Immunofluorescence. Pancreatic cancer cells were plated in chamber slides and incubated for 24 h at 37°C. The slides were treated with triptolide for 24 h, fixed with 3.7% paraformaldehyde, and permeabilized with 0.1% Triton X-100. The slides were incubated with a 1:200 dilution of rabbit polyclonal anti-LC3B antibody (Cell signaling Technologies) and a 1:800 dilution of Alexa 488-conjugated donkey anti-mouse IgG (Molecular Probes) for LC3 staining. The slides were mounted using Prolong Gold antifade with 4=,6-diaminido-2-phenylindole (Molecular Probes). Immunofluorescence images were obtained on a confocal microscope (Nikon Eclipse Ti) with a ϫ60 oil-immersion objective. EZ-C software version 3.80 was used to obtain z-stack images. The LC3 dots were quantified using the ImageJ software command "Analyze Particles," which counts and measures objects in binary or thresholded images.
Immunohistochemistry. For immunohistochemistry, paraffin tissue sections were received mounted on charged slides. The slides were deparaffinized in xylene and hydrated through graded ethanols. Slides were steamed with a Reveal Decloaker (Biocare Medical, Concord, CA) to minimize background staining. Sniper universal blocking agent (Biocare Medical) was used throughout the protocol. The slides were stained using an antibody against Grp78 (rabbit polyclonal, Thermo Scientific, Rockford, IL). A diaminobenzidine peroxidase substrate kit (Vector Laboratories) was used to reveal staining for Grp78. The tissue sections were counterstained with Gill's hematoxylin (Vector Laboratories). The antibody was omitted for the negativeomission controls.
Statistical analysis. Values are means Ϯ SE. All experiments with cells were repeated at least three times. The significance of the difference between the control and each experimental test condition was analyzed by unpaired Student's t test; P Ͻ 0.05 was considered statistically significant.
RESULTS

Triptolide induces ER stress in pancreatic cancer cells via activation of the PERK-eIF2␣ and Ire1␣-XBP1 arms of the UPR cascade.
Previous results from our laboratory showed that triptolide downregulated HSP70, one of the major chaperones in a cancer cell (28) . To study if this downregulation of HSP70 results in induction of the UPR by triptolide, we first evaluated this effect on the PERK-eIF2␣ arm of the UPR. Treatment of MIA PaCa-2 and S2-VP10 cells with 100 nM triptolide showed a sustained increase in the levels of phosphorylated eIF2␣, which is downstream to the PERK activation (Fig. 1A) . There was no change in the levels of total eIF2␣. Consistent with this finding, there was an increase in the expression of ATF4 at 24 h following triptolide treatment. We also assessed the effect of triptolide on the Ire1␣-XBP1 arm of ER stress. As shown in Fig. 1B , treatment of MIA PaCa-2 and S2-VP10 cells with 100 nM triptolide showed a sustained increase in the levels of Ire1␣. This further corroborated an increased splicing of XBP1, a downstream effector of Ire1␣, in response to triptolide (Fig. 1C) . Splicing of XBP1 differed between the two cell lines: MIA PaCa-2 showed a delayed splicing of XBP1 by 24 h, whereas S2-VP10 cells showed a peak in XBP1 splicing at 4 h and a subsequent decline. There was no change in the levels of ATF6 in response to triptolide in both cell lines, indicating that this arm of ER stress was not activated by triptolide (data not shown). Also, the levels of CHOP mRNA increased in response to triptolide in both cell lines as assessed by quantitative RT-PCR (Fig. 1D) . The effect of triptolide on the ER stress pathway was further validated by using the ER stress response element (ERSE) luciferase reporter assay, where the luciferase gene is under the control of the ERSE. Treatment of MIA PaCa-2 and S2-VP10 cells with 100 nM triptolide showed a significant increase in the luciferase activity until 6 h of treatment (Fig. 1E) . Similar results were obtained in the metastatic cell line S2-013 (data not shown). These results indicate that treatment with triptolide induces a UPR in pancreatic cancer cells.
Triptolide downregulates GRP78 expression in pancreatic cancer cells. GRP78 is overexpressed in colon cancer (13, 39) and prostate cancer (9) . Our studies showed overexpression of GRP78 in pancreatic cancer cell lines and in tumor compared with normal ductal cells (Fig. 2, A and B) .
Treatment of the pancreatic cancer cell lines MIA PaCa-2 (a primary cell line) and S2-VP10 (a metastatic cell line) with increasing doses of triptolide showed decreased expression of GRP78 at mRNA and protein levels (Fig. 2, C and D) . This finding indicates that triptolide inhibits GRP78 expression in a dose-dependent manner.
However, treatment of MIA PaCa-2 and S2-VP10 cells with 100 nM triptolide showed a transient increase in GRP78 expression (3 h at the protein level and 4 h at the mRNA level) followed by a decrease in its expression at 24 h (Fig. 2, E and  F) . This increase in GRP78 expression at 3-4 h was consistent with the increase in the ERSE reporter activity assay (Fig. 1E ). Our results demonstrate that short-term treatment with triptolide induces the UPR in pancreatic cancer cells, causing a transient increase in GRP78, while an extended treatment results in a decrease in GRP78 (Fig. 2, C and D) . Downregulation of GRP78 in pancreatic cancer results in cell death. To test whether triptolide-induced downregulation of GRP78 results in cell death, we used a specific siRNA pool to inhibit the expression of GRP78 in MIA PaCa-2 and S2-VP10 cells and evaluated its effect on cell viability. Figure 3A , a representative Western blot, shows a decrease in GRP78 expression after siRNA treatment at different time points in MIA PaCa-2 and S2-VP10 cells. Cells treated with the transfection reagent alone (control) or with nonsilencing siRNA do not show a change in GRP78 expression. We next tested the effect of knockdown of GRP78 expression on cell viability in MIA PaCa-2 and S2-VP10 cells. As shown in Fig. 3 , B and C, a specific knockdown of GRP78 in MIA PaCa-2 and S2-VP10 cells showed a significant decrease in cell viability (ϳ50%) compared with cells treated with the transfection reagent alone (control) or with the nonsilencing siRNA. Since GRP78 functions as a negative regulator of the ER stress sensors, we next evaluated the effect of inhibition of GRP78 expression on the ER stress pathway. Inhibition of GRP78 induced the expression of the ER stress sensor Ire1␣, increased the splicing of XBP1, and induced the expression of CHOP mRNA in MIA PaCa2 and S2-VP10 cells (Fig. 3, D-F ) compared with cells treated with the transfection reagent alone (control) or with nonsilencing siRNA.
Inhibition of GRP78 induces apoptotic cell death in MIA PaCa-2 cells, whereas it induces autophagy-associated cell death in S2-VP10 cells. To further characterize the mechanism by which inhibition of GRP78 induces cell death in MIA PaCa-2 and S2-VP10 cells, two different markers of apoptosis were monitored: caspase-3 activation and annexin V staining. As shown in Fig. 4A , knockdown of GRP78 expression showed a significant increase in caspase-3 activation after 48 and 72 h compared with cells treated with the transfection reagent alone (control) or with nonsilencing siRNA. However, despite a significant decrease in cell viability after GRP78 knockdown in S2-VP10 cells, no caspase-3 activation was seen (Fig. 4B ). In accordance with this observation, MIA PaCa-2, but not S2-VP10, cells showed a significant increase in annexin V staining after inhibition of GRP78 expression compared with cells treated with the transfection reagent alone or with nonsilencing siRNA. The loss of cell viability in the absence of apoptotic markers in S2-VP10 cells after knockdown of GRP78 suggests the utilization of an alternate pathway of cell death (Fig. 4C) .
Since our previous study showed that triptolide induces autophagy-associated cell death in S2-VP10 cells (27) , we examined the effect of inhibition of GRP78 expression on the markers of autophagy. We determined the induction of autophagy by monitoring formation of the autophagososmespecific protein LC3B by Western blotting and immunofluorescence. As shown in Fig. 4D , inhibition of GRP78 resulted in a significant increase in an autophagy-specific form of LC3B in S2-VP10 cells compared with control cells treated with the transfection reagent alone or cells treated with nonsilencing siRNA. No such increase in this LC3B form was seen in MIA PaCa-2 cells after knockdown of GRP78 expression (Fig. 4D ). In accordance with the Western blot data, knockdown of GRP78 in S2-VP10 cells induced autophagy, as evidenced by a significant increase in the punctate staining pattern for LC3B, indicating a membrane localization (Fig. 4, E and F) . Cells MIA PaCa-2 and S2-VP10 cells were exposed to 100 nM triptolide for 0 -24 h, and protein was extracted and assayed for expression of phosphorylated eukaryotic initiation factor 2␣ (p-eIF2␣), total eIF2␣ (t-eIF2␣), activating transcription factor 4 (ATF4), and inositol-requiring enzyme 1␣ (Ire1␣). C and D: MIA PaCa-2 and S2-VP10 cells were exposed to 100 nM triptolide, and RNA was extracted and assayed for X-box-binding protein 1 (XBP1) splicing and expression of C/EBP homology protein (CHOP). Actin and 18S were used as respective loading controls. u, Unspliced; s, spliced. E: MIA PaCa-2 and S2-VP10 cells were transfected with ER stress element (ERSE) luciferase construct and treated with 100 nM triptolide for 0 -24 h, assayed for luciferase activity, and compared with untreated cells. Values are means Ϯ SE; n ϭ 3. *P Ͻ 0.01.
Normal Pancreas
Well differentiated carcinoma treated with the transfection reagent alone (control) or with nonsilencing siRNA showed a diffuse staining pattern for LC3B, indicating cytosolic localization and the absence of induction of autophagy. Inhibition of GRP78 in MIA PaCa-2 cells showed a diffuse staining pattern for LC3B, indicating the absence of autophagy and corroborating our Western blot data (Fig. 4, E and F) . Next, we evaluated the role of autophagy induced by inhibition of GRP78 in S2-VP10 cells. Autophagy was inhibited using the specific siRNA pool against BECLIN1, a gene essential in activating the process of autophagy (12) , and GRP78 was inhibited using specific siRNA, and the effect on autophagy and cell viability was monitored. As shown in Fig. 4G , unlike GRP78 knockdown, a dual knockdown of BECLIN1 and GRP78 in S2-VP10 cells shows a diffuse staining pattern for LC3, indicating a cytosolic localization comparable to that in cells treated with nonsilencing siRNA or BECLIN1 siRNA, indicating the absence of autophagy. Furthermore, a dual knockdown of BECLIN1 and GRP78 in S2-VP10 cells showed a significant rescue of viability of S2-VP10 cells compared with cells treated with GRP78 siRNA alone (Fig. 4H) . A knockdown of BECLIN1 alone had no effect on cell viability.
Triptolide-induced UPR leads to pancreatic cancer cell death.
To study if triptolide-induced UPR results in cell death, MIA PaCa-2 and S2-VP10 cells were transfected with a specific siRNA pool against XBP1 to inhibit the UPR and treated with 100 nM triptolide, and cell viability was assessed. As shown in Fig. 5, A and B , inhibition of XBP1 expression in MIA PaCa-2 and S2-VP10 cells showed a rescue of triptolidemediated cell death compared with cells treated with the transfection reagent alone (control) or with nonsilencing siRNA. The rescue was much greater in S2-VP10 than MIA PaCa-2 cells. This observation indicates that triptolide-induced UPR indeed mediates cell death in pancreatic cancer cells and that inhibition of ER stress rescues cells from this cell death.
Previous data from our laboratory show that triptolideinduced cell death in pancreatic cancer cells is mediated by downregulation of HSP70 expression. Since in the current study we showed that GRP78, a member of the heat shock family of proteins, is also inhibited by triptolide, which triggers cell death by induction of the ER stress pathway, we monitored HSP70 expression in MIA PaCa-2 and S2-VP10 cells after inhibition of HSP70 and vice versa. Inhibition of GRP78 by siRNA had no effect on HSP70 expression (Fig. 5C) . Also, inhibition of HSP70 had no effect on GRP78 expression. Furthermore, inhibition of HSP70 expression did not induce expression of the key ER stress players GRP78 and CHOP (Fig. 5D ). Consistent with these observations, downregulation of HSP70 expression did not induce XBP1 splicing, which is seen by the downregulation of GRP78 (Fig. 5E ).
DISCUSSION
Cancer cells exhibit increased cellular stresses and are more dependent on stress support pathways for survival. A key player in this process is the survival protein GRP78. GRP78 is overexpressed in many human cancers, where it mediates tumor growth by enhancing proliferation and protecting against apoptosis (16, 21, 41) . Our findings of an increased expression of GRP78 not only in the human pancreatic cancer cell lines, but also in the human pancreatic cancer tissue samples (Fig. 2,  A and B) , support these observations. An increased expression of GRP78 is a mechanism whereby a low level of chronic ER stress is allowed to thrive under suboptimal conditions. In support of this, we observed a transient increase in GRP78 expression at mRNA (4 h) and protein (3 h) levels at an early time point following triptolide treatment (Fig. 2, E and F) . This could reflect an initial survival response of cells to triptolide. Although activation of the ER stress response leads to adaptations that may aid in cell survival, it is well known that, under severe and prolonged ER stress conditions where the cells fail to restore ER homeostasis, the ER stress response activates pathways that lead to apoptotic cell death (32, 33, 37, 41) . In accordance with this finding, our results show that prolonged (24 h) treatment with triptolide inhibits expression of GRP78, a known inhibitor of ER stress sensors, and as a result activates the ER stress pathway, which results in cell death (Fig. 1) . Our study shows that triptolide induces two different arms of ER stress: 1) the PERK-eIF2␣ axis and 2) the Ire1␣-XBP1 axis (Fig. 1A) . Although some reports suggest that compounds that induce sustained eIF2␣ phosphorylation provide cytoprotection in situations of ER stress (11) , other reports have shown a prolonged suppression of protein synthesis, which is incompatible with cell survival and leads to autophagy (20) . Moreover, involvement of the PERK-eIF2␣ axis of ER stress in apoptotic cell death has also been well documented (40) . This is consistent with our current observations and our earlier finding that triptolide treatment causes a sustained increase in the levels of phosphorylated eIF2␣ and causes autophagyassociated cell death in S2-VP10 cells (Figs. 1A and 4 , D-F) and apoptotic cell death in MIA PaCa-2 cells (Figs. 1A and  4C) . Similarly, studies have implicated Ire1␣ in modulation of ER stress-induced cell death. It has been shown that, in ER-stressed cells, XBP1 splicing and XBP1 protein expression decline with time (24, 25, 35) . This decline correlates with cell death, and reconstitution of Ire1␣ activity improves cell survival (15, 18) . This is consistent with our current finding that although treatment with triptolide resulted in a sustained increase in Ire1␣ expression, splicing of XBP1 declines with time and correlates with cell death (Fig. 1, B and C) . Moreover, it has been reported that CHOP and GRP78 contain an ERSE region that is recognized by the XBP1 protein, and, hence, shows a correlation between XBP1 splicing and expression of the ER stress markers GRP78 and CHOP (35) . This is also in agreement with our current findings of correlations between the expression patterns of XBP1, GRP78, and CHOP, as shown by ERSE reporter assay (Fig. 1, C-E) .
Furthermore, the present study confirms that triptolide-induced ER stress kills pancreatic cancer cells, since inhibition of GRP78, a negative regulator of ER stress, causes cell death in pancreatic cancer cells (Fig. 3, B and C) . Moreover, an inhibition of XBP1 confers partial protection from triptolidemediated cell death (Fig. 5, A and B) . Interestingly, we have found that inhibition of GRP78 activates two different cell death pathways: 1) it triggers apoptosis in MIA PaCa-2 cells, whereas 2) it triggers autophagy in S2-VP10 cells. We further prove that the autophagy induced in S2-VP10 cells by inhibition of GRP78 expression is responsible for cell death, since inhibition of autophagy using BECLIN1 siRNA, along with inhibition of GRP78, rescues cells from death associated with GRP78 inhibition alone (Fig. 4H) . Our previous work showed that triptolide is able to induce autophagy-mediated cell death in some pancreatic cancer cell lines and apoptotic cell death in others (27) . Although, many reports suggest that the ER stress response pathway induces autophagy, it has always been in the context of cell survival (29, 30) . This study not only demonstrates that triptolide-mediated ER stress induces autophagy, but it provides convincing evidence that the autophagy aids in cell death, instead of cell survival.
We previously showed that one of the mechanisms by which triptolide induces cell death in pancreatic cancer cells is inhibition of HSP70 expression (10, 23) . Our more recent study explored this further and showed that triptolide inhibits the transcription factor Sp1, which is upstream of a number of signaling pathways (4) . This study further shows that HSF1, the transcription factor for HSP70, and NF-B, the transcription factor for a number of ER stress genes including GRP78, are regulated by Sp1. This also explains our findings in the present study that triptolide-mediated downregulation of GRP78 is independent of HSP70 (Fig. 5C) . Furthermore, although GRP78, like HSP70, belongs to the heat shock family of proteins, the mechanism by which inhibition of these two proteins kill pancreatic cancer cells is very different: not only is inhibition of HSP70 expression independent of GRP78 expression (Fig. 5C ), but it is also not associated with induction of ER stress (Fig. 5, D and E) .
Our current findings also show that inhibition of GRP78 expression induces two different cell death pathways in MIA PaCa-2 and S2-VP10 cells. This is consistent with our previous finding that triptolide causes cell death in pancreatic cancer cell lines by activating two different cell death pathways: 1) apoptosis in MIA PaCa-2, Capan-1, BxPC-3 cells and 2) autophagy in S2-013, S2-VP10, and Hs766T cells (27) . Thus this study further elucidates the mode of action of triptolide, a promising therapeutic drug against pancreatic cancer.
In conclusion, our study shows that although increased expression of GRP78 confers a survival advantage to the tumor cells, prolonged exposure to triptolide induces chronic ER stress, which eventually leads to cell death.
A water-soluble prodrug of triptolide, Minnelide, has been recently evaluated very exhaustively in a preclinical study on multiple mouse models (6) . This study showed that the compound is well tolerated in animals, with no damage to normal cells. Minnelide is also undergoing clinical trials at the University of Minnesota. In this context, inhibition of GRP78 by activation of the ER stress pathway by triptolide offers a novel mechanism for inhibiting the growth and survival of pancreatic cancer cells. To the best of our knowledge, this is the first report (6) that triptolide causes cell death in pancreatic cancer cells by inhibiting GRP78 expression and inducing ER stress.
